Stem cells are a powerful tool for investigating the molecular and cellular mechanisms of development, and modeling human disease; in some circumstances they may serve as a renewable source of cells for transplantation 1, 2 . Recently, retinal pigment epithelial cells derived from human embryonic stem cells (ESCs) have been successfully transplanted into patients with macular degeneration and Stargardt's macular dystrophy 1 . In addition, photoreceptor precursors have been successfully integrated into the retina in mice 3, 4 . Although both human and murine stem cells can produce retinae in 3D cultures [5] [6] [7] , there are now data suggesting that the source of stem cells may influence the quantity and quality of retinae produced in vitro 8 . Specifically, epigenetic memory may influence the subsequent differentiation of stem cells along different lineages 9 . This is important because it could influence studies on development and disease modeling, as well as the efficacy of cellbased therapies. In this protocol, we describe a new method used in our previous publication 8 for reprogramming retinal neurons into iPSCs and a quantitative scoring system called STEM-RET to compare retinal differentiation of reprogrammed cells across diverse stem cell lines.
Development of the protocol
Reprogramming retinal neurons. Postmitotic neurons are challenging to reprogram into iPSCs because the dissociated cells are difficult to maintain or fail to undergo reprogramming 10 . Kim et al. 10 overcame these barriers to reprogramming mature cortical neurons by inactivating the p53 tumor suppressor. However, p53 inactivation could result in tumorigenesis of the stem cells or their differentiated lineage. Therefore, iPSCs made in this manner are unsafe for therapeutic use. As with cortical neurons, purified rod photoreceptors cannot be reprogrammed when plated as single cells 8 . To overcome this limitation, we developed a mosaic culture system to reprogram mouse retinal neurons without p53 inactivation (Fig. 1) .
Our unique system for reprogramming retinal neurons was based on the reprogrammable mouse developed by Konrad Hochedlinger 11 . The advantage of this system is that expression of the reprogramming factors-Oct3/4, Klf4, Sox2 and cMyc-can be induced by adding doxycycline (DOX) to the culture medium. We crossed the reprogrammable mouse strain with a transgenic line (Nrl-GFP) that expresses GFP in postmitotic rod photoreceptors 12 . We purified the rod photoreceptors from the retina of the progeny via fluorescence-activated cell sorting (FACS) for GFP and induced expression of the reprogramming factors by adding DOX. The reprogrammable rod photoreceptors were combined with an excess of wild-type retinal neurons in cell pellets and grown in culture on polycarbonate filters for 10 to 14 d before being plated onto irradiated mouse embryonic fibroblast (ir-MEF) feeder cells in the presence of leukemia inhibitory factor (LIF). Using this system, we developed iPSCs from adult and early postnatal rod photoreceptors 8 . This efficient, quantitative method of reprogramming retinal neurons is compatible with conventional tissue culture methods, and it may be possible to extend our method to other neuronal populations. specific lineage will differentiate more readily into a similar lineage 8, 9 . We developed a standardized procedure called STEM-RET in order to quantify differences in retinal differentiation proficiency between stem cell lines. It is important to emphasize that the optic cup stage is defined as the presence of neural retina and retinal pigment epithelium in one aggregate in the stem cell cultures. To quantify these parameters across different stem cell lines, our scoring system, STEM-RET, incorporates molecular, cellular and morphological criteria for quantifying retinogenesis at the eye field specification, optic cup and maturation stages in 3D cultures. We used the previously described ESC line Eb5 Rx-GFP 6 , which expresses a GFP in the early retina developmental gene Rx, to develop a benchmark for retinal differentiation.
Applications
Our protocol for reprogramming retinal neurons and quantifying their retinal differentiation allows investigators to produce stem cells from diverse lineages from the reprogrammable mouse and to identify the best source of stem cells for studying retinal development and disease, and potentially for cell-based therapies for human retinopathies. Although STEM-RET was developed using murine stem cells, it could be readily adapted for human stem cells using a longer culture period 7 . Although we use GFP transgenic reporter lines in our study to purify subsets of murine retinal cells, cell surface markers would have to be used to perform similar studies with human retina 13 . We envision that the STEM-RET protocol could be used to quantitatively compare different stem cell lines to identify those that are the most efficient at making photoreceptors in culture for subsequent transplantation or disease modeling.
Advantages and limitations
Our STEM-RET protocol provides a clear, standardized method for quantifying retinogenesis in vitro from different stem cell lineages regardless of origin. By cross-breeding mouse strains that express cell-lineage-specific GFP with a DOX-inducible reprogrammable mouse, iPSCs can be derived from postmitotic neurons without disrupting p53 (ref. 10) . However, this is technically challenging, and it requires close attention to detail and some advanced cell culture techniques. As these methods have been developed for mouse retinal cells, some of the methods described here may not be directly applicable to differentiation of human retinal neurons. We would recommend using cell surface markers instead of GFP transgenic reporter lines in order to purify cellular populations 13 . Furthermore, explant pellet cultures might not be a feasible option for noninducible, vector-based reprogramming protocols.
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Step 48 Explant pellet cultures. Our protocol reprograms retinal neurons using retinal explant pellet cultures that consist of a heterogeneous mix of reprogrammable and wild-type retinal cells. The wild-type retinal cells are used as a substrate to facilitate the reprogramming of isolated retinal neurons from reprogrammable mice.
Optimizing the retinal pellet and six-well-plate cell densities. To ensure reprogramming of retinal neurons, a limiting dilution series is performed to identify the optimal cell concentrations for the retinal pellet cultures. We describe these optimization steps and suggest dilutions in detail when describing the steps to create a retinal pellet and retinal explant cultures (Step 7).
FACS of retinal cells. Reprogrammable mice can be bred with mice that express GFP or other fluorescent proteins so that the offspring produce a population of GFP-labeled cells. This allows isolation and reprogramming of a specific subpopulation of cells.
ir-MEFs.
We use ir-MEFs as a substrate to inhibit the differentiation of stem cells while facilitating their growth. The ir-MEFs used in our experiment were produced in our laboratory from embryonic day 13.5 (E13.5) wild-type mice using established protocols 15 . ir-MEFs are commercially available, and we recommend using ir-MEFs from Thermo Fisher Scientific (cat. no. A24903).
FACS for SSEA1 in stem cell lines. Stem cells will undergo spontaneous differentiation during routine passaging, even under optimal growth conditions. To minimize the effects of this differentiated cell population, enrichment for the mouse stem cell marker SSEA1 is recommended 16 . Sorting for SSEA1 + cells creates a standardized cell stock that reduces variability and enables comparison between stem cell lines via the STEM-RET protocol.
Characterization of stem cell lines. To establish pluripotency in retinal-derived subclones, we characterize the stem cell lines based on karyotype, DOX independence, alkaline phosphatase (AP) expression, immunofluorescence staining for stem cell markers, teratoma formation and qPCR analysis of stem cell markers. Karyotyping is used to confirm that cells have not developed major chromosomal abnormalities. DOX independence confirms that the endogenous OKSM genes (Oct4, Klf4, Sox2 and cMyc) are active. AP expression, immunofluorescence and qPCR are used to confirm the expression of PSC markers (Tables 1 and 2 ). If a cell line fails any of the steps during characterization, the cell line is not considered to be pluripotent. CD1-nude mice. CD1-nude mice are used to test the pluripotency of stem cell lines through teratoma formation as part of stem cell characterization. Stem cells (2.0 × 10 6 cells) are injected subcutaneously into the flank of the animal 17 . Teratomas will develop between 6 and 12 weeks, and the presence of all three germ layers confirms the pluripotency of a stem cell line 17 . Two adult mice are required for each cell line characterization.
96-well plates for retinal differentiation.
To create healthy retinal spheres during retinal differentiation, it is important to plate stem cells onto low-attachment 96-well plates. Nunclon Sphera plates are specially designed to prevent attachment and to allow aggregation of cells.
Matrigel protein concentration for retinal differentiation.
Matrigel provides key laminin/enactin protein to the cells during retinal differentiation. The protein concentration of laminin/ entactin varies between lot preparations. It is very important to use Matrigel with laminin/entactin protein concentrations between 9.1 and 10.1 mg/ml, as determined by the certificate of analysis provided by the manufacturer.
Delineation of optic cups. A critical step in the process of retinal differentiation is the identification and isolation of optic cups. On day 10 of retinal differentiation, optic cups are identified and pinched off of the neuronal aggregates (Fig. 2d) . We identify optic cups by adjacent pigmented regions of the retinal spheres, because these regions contain retinal tissue at a maturation stage equivalent to the optic cup developmental stage in vivo (see Fig. 2d for a pigmented example). Pigmentation of the retinal pigment epithelium coincides with optic cup formation, and although we rarely observe invagination of the tissue, pigmented regions contain retinal tissue at a maturation stage equivalent to the optic cup developmental Steps 87 and 89
Step 92
Step • Retina-specific antibodies in bold are used on retinal sphere sections (Step 104C). The number of positively stained cells is used to calculate RDIF (see Step 105C(iv) for scoring details). cMyc, Nanog, Oct3/4 and SSEA1 antibodies are used for stem cell characterization (Step 81D). Synaptophysin, cytokeratin-OSCAR and desmin antibodies are used for assessing teratoma formation (Step 81E REAGENT SETUP Retina-trypsin (100) To prepare trypsin for the isolation of retinal neurons, add 100 mg of trypsin (Sigma-Aldrich) to 10 ml of PBS −/− (10 mg/ml). Aliquots can be stored at −20 °C for up to 1 month. STI To prepare STI, add 100 mg of soybean trypsin to 10 ml of PBS −/− (10 mg/ml). Aliquots can be stored at −20 °C for up to 1 month. DNase To prepare DNase, add 6 ml of PBS +/+ to one vial of lyophilized DNase. Aliquots can be stored at −20 °C for up to 1 month. DOX To prepare DOX for inducing reprogramming, add 10 mg of DOX hydrochloride to 1 ml of sterile PBS −/− . Aliquots can be stored at −20 °C for up to 2 years in a light-sealed container. Avoid multiple freezethaw cycles. Add 2 µl for every 10 ml of medium to obtain a final concentration of 2 µg/ml. Complete DMEM To prepare complete DMEM (cDMEM), add 50 ml of FBS and 5 ml of penicillin-streptomycin to 445 ml of DMEM with glutamine. Sterilize the medium by filtering it through a 0.22-µm filter flask. The medium can be stored at 4 °C for up to 1 month. Warm the medium in a 37 °C water bath before use. Explant culture medium To prepare retinal explant culture medium, add 25 ml of FBS, 2.5 ml of HEPES, 2.5 ml of penicillin-streptomycin and 125 µl of insulin to 219.9 ml of DMEM/F12 with GlutaMAX. Sterilize the medium by filtering it through a 0.22-µm filter flask. The medium can be stored at 4 °C for up to 1 month. Before use, warm the medium in a 37 °C water bath and add LIF (2 µl/10 ml) and DOX (2 µl/10 ml). BSA cushion medium (4% (wt/vol) BSA in DMEM/F12) To prepare BSA cushion medium, add 2 g of BSA to 50 ml of DMEM/F12 with GlutaMAX. The solution can be stored at 4 °C for up to 1 month.
Gelatin solution (0.1% (wt/vol) in water)
To prepare a gelatin solution, dissolve 0.5 g of gelatin in 100 ml of Milli-Q water to obtain a 5× gelatin solution. Sterilize the 5× solution by autoclaving, and allow it to cool to room temperature (25 °C). Add 100 ml of 5× gelatin solution to 400 ml of sterile-filtered Milli-Q water and mix the solution well. The gelatin solution can be stored at 4 °C for up to 1 month.
2-Mercaptoethanol solution (0.1 M)
To prepare a 0.1 M 2-mercaptoethanol solution, add 100 µl of 2-mercaptoethanol to 14.2 ml of sterile PBS −/− . This solution should be made fresh before use in ESC maintenance medium and retinal differentiation medium. ESC maintenance medium To prepare ESC maintenance medium, add 5 ml of FBS, 50 ml of KSR, 5 ml of GlutaMAX, 5 ml of NEAAs, 5 ml of sodium pyruvate and 0.5 ml of 2-mercaptoethanol solution (0.1 M) to 429.5 ml of GMEM. Sterilize the medium by filtering it through a 0.22-µm filter flask. The medium can be stored at 4 °C for up to 1 month. Before use, warm the medium in a 37 °C water bath and add LIF (2 µl/10 ml) and DOX (2 µl/10 ml). Collagenase solution To prepare collagenase solution, add 100 mg of collagenase to 10 ml of sterile PBS −/− (10 mg/ml). This solution should be made fresh before use in ESC dissociation solution. ESC dissociation solution To prepare ESC dissociation solution, add 20 ml of KSR, 10 ml of 2.5% trypsin, 10 ml of collagenase solution and 100 µl of CaCl 2 (1 M in Milli-Q water) to 60 ml of PBS −/− . Sterilize the solution by filtering it through a 0.22-µm filter flask. Aliquots can be stored at −20 °C for up to 2 months. Before use, warm the solution to 37 °C in a water bath.
Retinal differentiation medium To prepare retinal differentiation medium, add 1.5 ml of KSR, 1 ml of GlutaMAX, 1 ml of NEAAs, 1 ml of sodium pyruvate and 100 µl of 2-mercaptoethanol solution (0.1 M) to 95.4 ml of GMEM. Sterilize the medium by filtering it through a 0.22-µm filter flask. The medium can be stored at 4 °C for up to 1 month.
•
Matrigel solution To prepare Matrigel solution, thaw Matrigel overnight on ice at 4 °C. Mix 240 µl of Matrigel and 1.8 ml of cold retinal differentiation medium in a 15-ml conical tube on ice. Use the solution immediately. Taurine solution (100 mM) To prepare a 100 mM taurine stock solution, add 125.15 mg of taurine per 10 ml in PBS −/− . Aliquots can be stored at −20 °C for up to 1 year. Add 100 µl of 100 mM stock solution of taurine for every 10 ml of medium to obtain a final concentration of 1 mM. Retinoic acid solution (0.5 mM) To prepare a 0.5 mM retinoic acid stock solution, add 7.511 mg of retinoic acid to 50 ml of DMSO in a dark room. Aliquots can be stored at −20 °C in a light-sealed container for up to 1 year. Add 10 µl of 0.5 mM stock solution of retinoic acid for every 10 ml of medium to obtain a final concentration of 0.5 µM. Maturation medium 1 To prepare maturation medium 1 (MM1), add 1 ml of penicillin-streptomycin and 1 ml of N2 supplement to 98 ml of DMEM/ F12 with GlutaMAX. Sterilize the medium by filtering it through a 0.22-µm filter flask. The medium can be stored at 4 °C for up to 1 month. Before use, warm the medium to 37 °C in a water bath. Maturation medium 2 To prepare maturation medium 2 (MM2), add 1 ml of penicillin-streptomycin, 1 ml of N2 supplement and 10 ml of FBS to 88 ml of DMEM/F12 with GlutaMAX. Sterilize the medium by filtering it through 
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The stem cell characterization genes (left) are used to assess the pluripotency of the stem cell lines (
Step 81F). Data should be normalized to Gpi1, Gapdh or 18S and scored relative to Eb5 RxGFP or another embryonic stem cell line. The retinal differentiation genes (right) are used to assess the degree of retinal maturation in STEM-RET (Step 104A(iii)). Retina-specific TaqMan probes in bold are used to perform qPCR analysis on the retinal spheres and should be normalized to Gpi1, Gapdh or 18S gene expression. The relative fold expression of the bold genes is used to calculate the RDQ (Step 105C(ii)).
nature protocols | VOL. reprogramming of retinal cells: retinal dissociation • tIMInG 1 h 5| Transfer retinae to 1.5-ml siliconized Eppendorf tubes containing 100 µl of sterile PBS −/− per retina (up to four retinae per tube).
6| Add 10 µl of retina-trypsin (100×) per retina and incubate for 5 min in a 37 °C water bath.
7|
Triturate five to seven times with a P1000 barrier pipette to dissociate the retinae, and incubate for an additional 3 min at 37 °C.
8| Add 10 µl of DNase and 10 µl of STI per retina. Gently pipette the solution three or four times with a P1000 barrier pipette to mix it, and incubate it for 5 min in a 37 °C water bath (Fig. 3a) .
9|
Pipette the cell suspension into a 50-ml conical tube through a 40-µm mesh cell strainer. Wash the cell strainer with PBS −/− to bring the total volume to 3 ml.
10| Add 5 ml of BSA cushion medium to a 15-ml conical tube. Tilt the tube at a 45° angle, and, using a P1000 pipette, slowly pipette the filtered cell suspension on top of the BSA cushion to create a layered solution.
11|
Centrifuge the solution at 500g for 10 min at 4 °C to separate the cells from the debris.
12|
Aspirate the supernatant and resuspend the cell pellet in 750 µl of explant culture medium. Perform FACS of the dissociated retinae to enrich for a specific retinal subpopulation 18 . We recommend using the following settings: 100-µm nozzle size, 20 psi, 35,000 kHz and 4 °C. After the sort, centrifuge the FAC-sorted cells at 500g for 5 min at 4 °C, aspirate the supernatant and resuspend the cells in 750 µl of explant culture medium.
13|
While sorting the samples, dissociate the wild-type retinae of 4 to 6 C57BL/6J postnatal (days 0-5) pups for 16-24 explant pellet cultures according to Steps 1-8 (without a BSA cushion). Bring the total volume of the cells to 10 ml in explant culture medium. The total volume of this cell suspension should not exceed 1.5 ml.
14|

19|
Centrifuge the cell suspension at 14,000g for 15 s at room temperature to create a retinal cell pellet (Fig. 3b) .
20|
Partially remove the supernatant from each tube, leaving 500 µl in the tube. With a MultiFlex tip on a P200 pipette, fill the tip with 135 µl of medium. Gently nudge the pellet off the bottom of the tube by delicately kneading the pellet, peeling away the edges and pushing them toward the center of the pellet (Fig. 3b,c) . Gently expel the medium in the pipette tip to dislodge the pellet from the side of the tube. With a P1000 pipette, gently remove the pellet with 50 to 100 µl of medium, and deposit it on a floating Whatman membrane in the 12-well plate (Fig. 3d-f) .
? troublesHootInG
21|
Incubate pellet cultures at 37 °C with 5% CO 2 .
reprogramming retinal cells: retinal explant reprogramming • tIMInG 9 d 22| Feed the pellets daily with 10 µl of conditioned explant culture medium, taken from each individual well and placed on top of the corresponding pellet.  crItIcal step Daily feeding of retinal explants is required to maintain optimal oxygen and nutrient concentrations. If the pellets are not fed daily, the cells will die and not reprogram.
23|
On days 4 and 8 of reprogramming, remove 1 ml of explant medium from the wells and replace it with 1 ml of fresh, warmed explant culture medium. 
31|
Exchange the cDMEM from one or two 24-well culture plates containing ir-MEF feeder layers with ESC maintenance medium.
32|
Using a sterile P10 pipette tip and an inverted microscope set at 4× magnification, gently nudge an individual colony to dislodge it from the ir-MEF feeder layer. Next, aspirate the dislodged stem cell colony with 7 µl of medium, and transfer it from the six-well plate to an individual well in the 96-well plate from Step 30.  crItIcal step This step can be technically challenging, and it will require practice. Pick sets of 6-8 colonies at a time in order to minimize the amount of time colonies spend in trypsin-versene. Each colony should be placed in a single well of the 96-well plate.
? troublesHootInG 33| Using an inverted microscope, check that the colonies have been successfully transferred to the 96-well plate and then pipette two to three times to dissociate each colony; next, transfer the entire contents of the 96-well to separate wells of a 24-well plate containing ir-MEFs and ESC maintenance medium prepared in Step 31. Repeat this step for a total of 24-48 colonies per cell line.
34|
Incubate the plates at 37 °C with 5% CO 2 .  crItIcal step Each of the wells is now considered a unique stem cell subclone line. This is considered the first passage (p1) of these lines.
Box 1 | Preparation of the ir-MEF feeder layer • tIMInG 30 min Procedure
 crItIcal The cell lines used in your research should be regularly checked to ensure that they are authentic and that they are not infected with mycoplasma. 35| Exchange the medium daily with fresh ESC maintenance medium. Subclones can be grown until there are 200,000 to 300,000 iPSCs per well, or for up to 6 d. The lines should then be passaged onto 12-well tissue culture plates with an ir-MEF feeder cell layer (see box 1 for ir-MEF procedure).
reprogramming of retinal cells: passaging of stem cell lines to p20 to expand stocks • tIMInG 40 d  crItIcal All exchanges and splits should occur around the same time of the day (with 24 h between exchanges). For routine passaging, we grow stem cell lines on 12-well tissue culture plates with an ir-MEF feeder cell layer; typical stem cells are split every other day. Prepare a 12-well plate with ir-MEFS the day before splitting/passaging stem cells (see box 1 for procedure). 36| Medium exchange. The day after initial seeding, observe cell density and differentiation. Aspirate the used ESC maintenance medium from each well.
37|
Gently pipette 1 ml of fresh ESC maintenance medium into each well.  crItIcal step We recommend maintaining the cells with DOX until reprogramming is confirmed.
38|
Incubate the plates at 37 °C with 5% CO 2 .
39| Repeat Steps 36-38 daily.
40| Splitting/passaging. 2 d after initial seeding or when colonies begin to merge together, aspirate the medium from the well and wash it with 1 ml of PBS −/− .
41| Aspirate the PBS −/− .
42| Add 90 µl of 0.25% trypsin-EDTA to each well and incubate for 2 min at room temperature or until the cells begin to lift off the plate. ? troublesHootInG 43| Add 1 ml of ESC maintenance medium per well, and dissociate the cells by triturating three or four times with a P1000 barrier tip.  crItIcal step A single-cell suspension is desirable to ensure that colony growth is evenly distributed.
44|
Transfer the cell suspension to a 15-ml conical tube, and add 3 ml of ESC maintenance medium.
45|
Centrifuge the cells at 250g for 3 min at room temperature.
46|
Aspirate the supernatant, resuspend the cells in 2 ml of ESC maintenance medium and count the cells.
47| Plate 100,000 cells per well on a 12-well plate with an ir-MEF feeder cell layer. Feed cells daily as described in
Steps 36 and 37. ? troublesHootInG
48| Repeat Steps 40-47. Proceed to
Step 49 to freeze aliquots of cells from p5, p10, p15 and p20; otherwise, proceed directly to
Step 56 when sufficient cells have been grown to continue passage on 10-cm dishes. An example of a typical cell expansion procedure at this stage (that will achieve sufficient cells for passage onto 10-cm dishes) is to passage two wells of a 12-well dish to four wells of a 12-well dish (100,000 cells per well), and then proceed to passage the four wells of the 12-well dish to one 10-cm culture dish (2 × 10 6 cells per dish), and then passage the 10-cm culture dish to two 10-cm culture dishes (2 × 10 6 cells per dish). This propagation series will take three passages and should provide a sufficient quantity of cells for future experiments.
49| Freezing stocks. To freeze cells, repeat
Steps 40-45 as if the cells are being passaged. Aspirate the supernatant and resuspend the cells in ESC maintenance medium with 10% DMSO at a density of 100,000 cells per ml.  crItIcal step Freeze down the stem cells at p5, p10, p15 and p20.
50| Add 1 ml of the cell suspension to each cryotube and store overnight at −80 °C before transferring the cryotubes to liquid nitrogen. Proceed to Step 54 to continue to plate and culture the remaining cell suspension.  pause poInt For long-term storage, transfer the cryotubes to liquid nitrogen. Cells can be stored in liquid nitrogen indefinitely. When cells are required for further culture, proceed to Step 51.
51|
Thawing stocks. Prepare a 12-well plate and 10-cm plate with ir-MEFS the day before splitting/passaging stem cells (see box 1 for procedure). Thaw one vial of stem cells in a 37 °C water bath and transfer the cells to a 15-ml conical tube. Add 9 ml of ESC maintenance medium.
52|
Centrifuge the cells at 250g for 5 min at room temperature, aspirate the medium and resuspend the cells in 2 ml of ESC maintenance medium. Add the cell suspension to two wells of a 12-well plate with ir-MEF feeder cells and incubate at 37 °C with 5% CO 2 .
53| Plate the remaining cells from
Step 50 in ESC maintenance medium so that there are 100,000 cells per well on a 12-well plate with an ir-MEF feeder cell layer. Feed the cells daily as described in Steps 36 and 37, and repeat Steps 40-47 to passage the cells further. 
57|
Rinse the stem cells from one to two 10-cm dishes with PBS −/− , aspirate and add 1 ml of ESC dissociation solution.
Incubate the cells at room temperature for 3-4 min or until the cells begin to loosen from the plate.  crItIcal step The ESC dissociation solution will break up the ir-MEF feeder layer while maintaining the stem cell colonies. ? troublesHootInG 58| Add 5 ml of ESC maintenance medium to stop the digestion reaction.
59|
Transfer the cell suspension to a 15-ml conical tube and centrifuge it at 250g for 5 min at room temperature.
60|
While centrifuging the cells, aspirate the gelatin from the 10-cm plate from Step 56 and add 3 ml of ESC maintenance medium to wash the excess gelatin from the plate.
61| Aspirate the supernatant from the cells from
Step 59, and resuspend the cells in 5 ml of ESC maintenance medium (half the volume that is normally used to plate cells on a 10-cm dish).  crItIcal step The key to successfully separating the ir-MEFs is to provide a broad surface area to which the cells can attach. The ir-MEFs will quickly attach to the fresh 10-cm plate while the stem cell colonies will remain in suspension.
62|
Aspirate the 3-ml ESC maintenance medium from the plate and add the 5-ml cell suspension. Incubate the cells at 37 °C with 5% CO 2 for 30 min to allow the ir-MEFs to adhere to the plate.
63|
After 30 min, tilt the plate to pool the medium, and rinse the plate three or four times with the medium to collect stem cell colonies.  crItIcal step Do not scrape the plate.
64|
Transfer the supernatant into a 15-ml conical tube and discard the 10-cm plate with ir-MEFs.
65|
Centrifuge the stem cell colonies at 250g for 5 min at room temperature.
66|
Aspirate the supernatant and resuspend the stem cells in 5 ml of PBS −/− .
67|
68|
Aspirate the supernatant and resuspend the cells in 1 ml of 0.25% trypsin-EDTA for exactly 1 min at room temperature. Gently agitate every 20 to 30 s to resuspend the cells.  crItIcal step This short trypsin digestion creates a single-cell suspension. The cell viability will greatly decrease if the cells are left in trypsin for longer than 1 min.
69| Add 5 ml of ESC maintenance medium to stop the reaction, and gently triturate five or six times with a P1000 barrier tip to create a single-cell suspension.
70|
Centrifuge the cells at 250g for 5 min at room temperature.
71| Aspirate the supernatant. 
75|
Centrifuge the cells at 250g for 5 min at room temperature, and resuspend them in 500 µl of ESC maintenance medium for FACS 18 . Perform a DAPI counterstain for nonviable cells. We recommend the following settings: 85-µm nozzle size, 35 psi, 55,000 kHz and 4 °C.
76|
After sorting, freeze the viable SSEA1 + cells at 400,000 to 500,000 cells per ml (1 ml per cryovial) by following Steps 48-51. For long-term storage, transfer the cells to liquid nitrogen, where they can be stored indefinitely. ? troublesHootInG 83| Resuspend the cells in 5 ml of ESC maintenance medium and filter them through a 40-µm-mesh cell strainer into a 50-ml conical tube.
84|
Adjust the volume of the cell suspension to 10 ml, and count the cells.
85|
Take 300,000 stem cells and centrifuge them at 250g for 3 min at room temperature. Aspirate the supernatant and resuspend the cells in 3 ml of retinal differentiation medium. Perform another cell count to confirm the concentration of the cells.
86|
Adjust the volume of the cell suspension to give a concentration of 30,000 cells per ml in retinal differentiation medium.
87| Dispense the diluted cell suspension into Nunclon Sphera 96-well plates at a volume of 100 µl per well.
88|
Incubate the plates at 37 °C with 5% CO 2 overnight. Thaw Matrigel overnight on ice at 4 °C. 
89|
91| Days 2-7.
Incubate the stem cell aggregates at 37 °C with 5% CO 2 . Image the cells daily to track changes in morphology 8 . Spheres will appear lumpy at first and then develop thick, laminated edges and outcroppings over the next 7 d (Fig. 2b) . 
95|
Carefully discard most of the supernatant, and transfer the spheres to a 10-cm Petri dish with 10 ml of prewarmed MM1.
96|
Incubate the spheres at 37 °C with 5% CO 2 and 40% O 2 for 3 d.  crItIcal step Retinal spheres require incubation in a high-oxygen incubator for the remainder of the procedure. (Fig. 2d) .  crItIcal step Pigmented regions contain retinal tissue at maturation equivalent to that of the optic cup developmental stage in vivo; therefore, we identify the aggregates of pigmentation and adjacent retinal tissue as 'optic cups' . See the Experimental design section for details.
98| With two no. 55 forceps, pinch off the optic cup outcroppings. Reserve the optic cup outcroppings and discard the nonretinal pieces. Some spheres may have multiple outcroppings that can be pinched, whereas others may have pigmentation but no outcroppings that can be excised.  crItIcal step The excision of optic outcroppings is technically challenging and will require practice. It is important to excise only retinal tissue, as nonretinal tissue will proliferate and overtake the retinal sphere.
99|
Record the number of optic cups excised and the number of pigmented spheres for analysis (Step 105B).
100|
Transfer the optic cups to a fresh 10-cm Petri dish with 10 ml of MM2 with 1 mM taurine and 0.5 mM retinoic acid added.
101|
Incubate the optic cups at 37 °C with 5% CO 2 and 40% O 2 (high oxygen) for 4 d. Variability in retinal differentiation efficiency observed in rod-derived iPSC lines (day 7 n = 922, day 10 n = 665) and the ESC line EB5 Rx-GFP 8 (day 7 n = 399, day 10 n = 333). Eye field scores were calculated per
Step 105A, and optic cup scores were calculated per Step 105B. A score of 1.00 indicates the highest degree of efficiency to produce retinal tissue at each stage. The lower the score, the less efficient the cell line is at producing retinal tissue.
? troublesHootInG Troubleshooting advice can be found in table 5. antIcIpateD results With our protocol, murine retinal neurons can be successfully reprogrammed to iPSCs. Reprogramming efficiency is dependent on the cell type, developmental stage and size of the neuronal population. Although our experiments used transgenic mice to reprogram retinal neurons, our technique for the culture of retinal neurons as explant cultures can be used with other reprogramming protocols. In reprogramming retinal neurons, we generally pick 24-36 colonies per experiment to establish 10-12 retinal-derived iPSC subclone lines. iPSCs lines that fail to establish typically stall or fail to proliferate during the early passages after picking (p0-p5). After 20 passages, retina-derived iPSC lines should be pluripotent, independent of DOX, and AP positive; in addition, they should express endogenous pluripotent markers similar to those of ESCs. An example of stem cell characterization results can be found in our previous publication 8 . The variability we observed during these experiments was primarily due to differences in the reprogramming efficiency of retinal neurons from different origins and the health of retinal explant cultures. Cell lines that fail to meet the criteria for fully reprogrammed PSCs were discarded and not used in our experiments. Monitoring the colony morphology, karyotype and general culture health is important for quality control. There will be some spontaneous differentiation in culture, and differentiated cells induce variability in the reproducibility of the 
